Despite human healthcare advances, some microorganisms continuously react evolving new survival strategies, choosing between a commensal fitness and a pathogenic attitude. Many opportunistic microbes are becoming an increasing cause of clinically evident infections while several renowned infectious diseases sustain a considerable number of deaths. Besides the primary and extensively investigated role of immune cells, other cell types are involved in the microbe-host interaction during infection. Interestingly, mesenchymal stem cells (MSCs), the current leading players in cell therapy approaches, have been suggested to contribute to tackling pathogens and modulating the host immune response. In this context, this review critically explores MSCs' role in E. coli, S. aureus, and polymicrobial infections. Summarizing from various studies, in vitro and in vivo results support the mechanistic involvement of MSCs and their derivatives in fighting infection and in contributing to microbial spreading. Our work outlines the double face of MSCs during infection, disease, and sepsis, highlighting potential pitfalls in MSC-based therapy due to the MSCs' susceptibility to pathogens' weapons. We also identify potential targets to improve infection treatments, and propose the potential applications of MSCs for vaccine research.
Introduction
Better understanding of stem cell behavior at sites of inflammation appears to be a key strategy in developing new approaches for in situ tissue regeneration [1] . Mesenchymal stem cells (MSCs) are adult stem cells with a broad tissue distribution [2] , such as bone marrow [3] , adipose tissue [4] , and dental pulp [5] . MSCs are able to self-renew and differentiate into mesodermal and non-mesodermal cell lineages contributing to tissue homeostasis and regeneration, thus becoming increasingly interesting for clinical applications [2] . Moreover, their easy availability and broad differentiation potential, together with their low immunogenicity, have greatly increased interest in applying them in cellbased therapy and regenerative approaches. Evidence suggests MSCs contribute to host defense and inflammation, in case of tissue injury or inflammatory diseases. MSCs are considered crucial regulators of tissue regeneration even under such harsh environmental conditions. Indeed, currently, the most attractive feature identifying MSCs as a promising tool for the treatment of immune disease is their immune-modulatory capability [5, 6] . The heterogeneous effects of bacteria on MSCs observed in studies reflect the complexity underlying the interactions between stem cells and bacteria. Although inflammation represents the main host defense against microbial infections, the absence or inhibition of the pro-inflammatory cytokines produced during sepsis (such as TNF-α, IL-1β, IFN-γ, IL-18) improves survival in some experimental models [7] , suggesting that excessive inflammation in sepsis could worsen the course of the pathology. An inflammatory environment like sepsis promotes autophagy and apoptosis of MSCs [8] . On the other hand, however, complete immunosuppression of the host has been observed to be equally detrimental. Indeed, lack of a proper immune defense is a common feature in patients affected by sepsis [9, 10] , often due to splenocyte deficiency in producing pro-inflammatory cytokines [11] or to immune cell apoptosis [10] , which could increase sepsis lethality. Taken together, such evidence suggests that developing immunomodulatory strategies utilizing MSCs could avoid worsening of the pathology and speed up the patient's recovery. However, several findings have now highlighted MSCs' susceptibility to microbial infection, potentially questioning their effectiveness in a clinical situation. Most of the available literature is based on preclinical models and in vitro studies, as the clinical applications are still at an early stage. The aim of this review is to summarize the latest findings about the role of MSCs and their derivatives in various models of infectious disease, reporting the effects on the microbes and the final outcome (Tables 1, 2 , 3, and 4), highlighting the double involvement of MSCs in infection and sepsis (Fig. 1) . Furthermore, we provide an update on the actual potential, and side effects, of this powerful autologous source of treatment so as to pave the way for further developments and initiatives in the field of immunotherapy. A critical analysis of the current findings is indeed urgently needed to guide clinical applications in a bench-to-bedside setting [12] . This review thoroughly describes the state-of-the-art interplay between MSCs and the most common microbes in the clinical setting. The outcomes from different experimental models and different sources of MSCs are described, overall indicating MSCs and their derivatives as a valuable tool to treat infectious diseases, but urging an accurate evaluation of the most effective source of MSCs.
Functioning features of MSCs

MSC role during infection
The mechanisms underlying microbial pathogenesis differ according to the acquired and individual characteristics of both the host and the microbe, each one giving an Summary of some of the results obtained from Escherichia coli infection ALI, acute lung injury; BAL, broncho-alveolar lavage; CM, conditioned medium; UC-MSCs, umbilical cord MSCs opposite but equally important contribution to the course of infection [13] . The human body is the final determinant in whether an infection and possible sepsis set in. Recently, close attention has been paid to host defenses, with the aim of finding potential weapons against the most virulent microbial phenotypes. In case of infection, MSCs can help the body out through two possible mechanisms: (i) promoting direct bacterial killing, helping the host to clear the pathogen or (ii) indirectly promoting host survival, decreasing the side effects of infection, such as tissue damage, and thus the lethality of sepsis. The evidence supporting the role of MSCs in infection is based on data from various animal and cellular models; considering the range of technical approaches used, it is difficult to compare and consolidate the results (Tables 1, 2 , 3, and 4). Moreover, it is not fully understood whether the main weapon is the cell itself or its secretome. In infection onset, progression, and 
Pattern recognition receptors
The process by which the innate immune system senses microbial infection is based on the interaction between host pattern recognition receptors (PRRs) and highly shared pathogen-associated molecular patterns (PAMPs) with conserved motifs that the immune system learned to recognize during evolution. Toll-like receptors (TLRs) are probably the best-known membrane-PPRs. TLRs are expressed by immune and non-immune cells and can bind a large series of exogenous and endogenous ligands, including nucleic acids, lipids, and carbohydrates. TLRs activate key signaling transduction pathways [14] involved in the regulation of inflammatory processes and allow the development of immunological memory against the foreign harmful microbes. Different TLR ligands can activate different inflammatory pathways. In particular, stimulation of TLR2, TLR4, and TLR9 is able to activate NF-κB and IRF transcription factors [14] .
Immune privilege of MSCs
MSCs are considered immune privileged, as they express several distinctive TLRs (at least TLR1, TLR2, TLR3, TLR4, TLR5, TLR6), but they express only low levels of HLA class I molecules, and totally lack expression of HLA class II, CD40, CD80, and CD86 [15] . This makes MSCs a useful tool for cell therapy applications, allowing the employment of allogeneic-sourced applications in life-threatening conditions, especially when isolation and expansion of autologous MSCs are not feasible [16, 17] . In humans, the expression of some TLRs has been reported in different sources of MSCs. Whether TLR expression can have an effect on proliferation and migration of MSCs is still controversial [18] . In addition, investigation of the role of TLRs on MSC immunomodulation capacity has generated a conflicting idea about the contribution of TLRs to eventual proinflammatory or anti-inflammatory MSC-phenotype polarization. The cell response elicited in the MSCs in each specific condition might be dependent not only on the TLR ligand involved but also on the different tissue origin of the MSCs. Thus, the employment of specific molecules mimicking PAMPs could be a useful tool in cell therapy, by way of ex vivo priming of the MSCs before infusing them into the host, in order to predetermine their in vivo polarization, and finally promote Summary of some of the evidence regarding the effect of MSC-derived components MVs, microvesicles; ALI, acute lung injury; NG, neutrophil granulocytes survival/immunosuppression [19] . These properties suggest that MSCs are a useful tool for circumventing graft-versus-host disease (GvHD). Indeed, MSCs have been used to treat GvHD in patients undergoing hematopoietic stem cell transplantation, successfully decreasing GvHD incidence and severity [20, 21] . The low expression of HLA class I, together with the expression of other surface molecules, such as poliovirus receptor (PVR), makes MSCs a natural target for natural killer (NK) cellmediated killing [22] . On the other hand, MSCs can also strongly alter the NK cell phenotype and suppress cytokine secretion and cytotoxicity against HLA class I-expressing targets. Moreover, MSCs also inhibit NK proliferation, a mechanism where indoleamine 2,3-dioxygenase (IDO) and prostaglandin E2 (PGE2) play a key role [23] . 
Immunomodulatory action of MSCs
Although differences in the self-renewal and differentiation potential of MSCs deriving from different tissues have been observed [24, 25] , the immune modulatory capability seems to be a commonly shared feature. MSCs are activated by inflammatory mediators, such as TNF-α and IFN-γ [26, 27] . They are able in turn to affect several immune cell populations, such as T cells, B cells, and NK cells [28] [29] [30] [31] [32] , both by cell contactdependent mechanisms, e.g., by Fas-Fas-L [33] or Notch1 [34] , and by releasing a set of soluble factors able to modulate the immune response. MSCs express and release a plethora of immunologically active molecules, mostly with antiinflammatory properties, namely, TGF-β, granulocytemacrophage colony-stimulating factor (GMCSF), PGE2, IL-6, IL-10, IL-13, IL17, IL22, IDO, HLA-G, and TNF-α-stimulated gene/protein 6 (TSG-6) [35, 36] . They are also able to release antimicrobial peptides, such as LL-37 β-defensin, lipocalin, IDR-1, and hepcidin. Functional alterations as impaired immunoregulatory and homing ability may occur in MSCs undergoing senescence [37] .
MSCs and the immune barrier aid
In the last few decades, our knowledge about the regeneration and repairing mechanisms of human organs has improved substantially, but our ability to utilize this knowledge to establish regeneration strongly depends on the injury location and entity. Stem cells and progenitor cells have been characterized in several tissues, and such reservoirs play a fundamental role in initial immune response and in the tissue healing processes following infection. Mucosae comprise a stromal compartment where the MSCs (i) modulate how the host responds to microbes [38] and/or (ii) directly differentiate contributing to tissue healing and maintenance. The MSCs located in the epithelial niches can already sense the microbial effectors and mediate inflammation, but, in addition, a plethora of signals and cellular events can recruit distant MSCs to the injury site [39, 40] . MSCs also support epithelial sheet proliferation in a paracrine manner [41] , enhancing the protecting role of the epithelium as a physical and functional barrier limiting spatial invasion by microbes. Moreover, MSCs increase the frequency of the regulatory T (T-reg) cell compartment, helping to establish a more immunotolerant environment [42] .
MSCs and bacteria
The specific interaction between bacteria and MSCs is receiving considerable attention among the scientific community, both because of the now-unraveled interplay between stem cells and microbiome in the physiological state and because of the fundamental role of this interaction during tissue healing. Most of the evidence refers to Escherichia coli (Table 1) and Staphylococcus aureus (Table 2) , the widest studied Gram − and Gram + species, abundant in the environment and well characterized as pathogenic models. For instance, in a recent in vitro study, equine MSCs isolated from the peripheral blood of healthy horses, and their MSC conditioned medium (MSC-CM), demonstrated the ability to inhibit both E. coli and S. aureus growth. In fact, employment of antibodies blocking the antimicrobial peptides (cystatin C, elafin, cathelicidin, and lipocalin-2) reduced that beneficial effect of MSCs-CM on bacterial membrane depolarization [43] .
MSCs and E. coli
In C57BL/6 mice, intravenous administration of murine bone marrow-derived MSCs (BM-MSCs) was shown to exert a healing effect on lung inflammation, healing, and edema, after endotoxin intraperitoneal instillation [44] . To the best of our knowledge, the first hypothesis that MSCs might have a specific protective effect on E. coli-induced acute lung injury (ALI) was investigated in a mouse model by Gupta et al. in 2007 , where BM-MSCs were isolated from C57BL/6 donor mice, cultured, and administered to C57BL/6 recipients after E. coli endotoxin was delivered intrapulmonarily [45] . Treatment with MSCs derived from C57BL/6J mice also significantly reduced LPS-induced pulmonary inflammation, and, in that context, angiopoietin production was also shown to bolster their beneficial effect [46] . In a simple in vivo model of endotoxemia (cecal ligation and puncture and endotoxin injection), treatment with human adipose-derived MSCs (hAD-MSCs) or murine AD-MSCs (syngeneic from C57Bl/ 6 mice or allogeneic from Balb/c mice) was shown to increase survival after high-dose lipopolysaccharide (LPS) administration [47] . On the other hand, senescent human BM-MSCs (hBM-MSCs) failed to protect against lethal endotoxemia induced by intraperitoneal LPS injection in a murine model [48] . The therapeutic effect of allogeneic hBM-MSCs on ALI induced by intrabronchial instillation was studied in a model of ex vivo human perfused lung preparation by Lee et al. in 2009 : treatment with allogeneic hBM-MSCs, and even hBM-MSC-CM, restored the normal fluid balance [49] . The cells, when pre-treated with a keratinocyte growth factor (KGF) siRNA and instilled, likewise lost their therapeutic benefits, while recombinant KGF partially restored the beneficial effect. A similar perfused model was improved by the same group using live E. coli in order to induce pneumonia: again, hBM-MSCs restored alveolar fluid clearance to a normal level, but also reduced neutrophil influx and bacterial load in the lung by increasing alveolar macrophage phagocytosis [50] . In a different study, intratracheal treatment in ICR mice with human umbilical cord blood-derived MSCs (hUCB-MSCs) attenuated the severity of ALI by down-modulating inflammatory cytokines [51] . In addition, the bacterial colony count was reduced both in vivo (broncho-alveolar lavage (BAL) and blood) and in vitro by the presence of MSCs [51] . Intratracheal transplantation of C57BL/6 micederived BM-MSCs in an ALI murine model induced by E. coli obtained similar results: BM-MSCs improved survival by reducing inflammation, and decreased bacterial colonyforming units (CFU) in BAL, effects in part explained by secretion of antimicrobial peptides [52] . Part of the beneficial paracrine effect of the MSCs is thought to reside in secreted microvesicles (MVs) and exosomes (EXs). The protective effect of hBM-MSC-MVs was first described in a model of endotoxin-induced ALI [53] . A better model of pneumonia that was developed by intratracheal instillation of E. coli in mice demonstrated specifically that MSC-MVs (prepared by ultracentrifugation) were as effective as their parent hBMMSCs in improving survival. The therapeutic effect of the MVs was equivalent to the MSCs in mitigating acute lung injury by reducing neutrophil influx, edema, and wall thickening [54] . The total bacterial load was reduced in vivo both by intravenous and intratracheal administration of MVs. Such improved survival after MV injection was possible partly through a KGF-mediated effect, while the microbial clearance was mediated by enhanced phagocytosis. In this study, CD44 was found critical for vesicle uptake by phagocytes [54] . On the other hand, a similar model was established in rats and hBM-MSCs were administered either intratracheally or intravenously [55] . In particular, intravenous delivery increased antimicrobial peptide (i.e., LL-37) concentrations in alveoli, BAL, and plasma [55] . The monocytes collected from the infected models showed enhanced phagocytic activity, while in vitro the monocytes stimulated with hBM-MSCs were better phagocytes if exposed to E. coli [55] . However, in this study, the paracrine efficacy of hBM-MSCs in reducing the severity of pneumonia was inferior to direct cell treatment, even though animal survival increased [55] . The importance of the capability of the MSCs to enhance phagocytosis was also remarked with neutrophils and their role in infection. Indeed, mouse MSCs, isolated from compact bone, enhanced the ability of peritoneal neutrophils to phagocytize E. coli in vitro and in vivo [56] . Again, LPS-stimulated BM-MSCs induced polymorphonuclear neutrophil granulocyte (NG) chemotaxis and supernatants of LPS-stimulated BM-MSC enhanced the E. coli uptake by NGs [57] . Bacterial preconditioning was sufficient to inhibit the growth of E. coli in vitro by hUCB-MSC supernatants (as well as hUCB-MSCs themselves), while in vivo the hUCB-MSCs attenuated ALI through their microbicidal factors, mainly mediated by betadefensin 2 secretion, and an anti-inflammatory effect, in which TLR4 seemed critical [58] . Similarly, a more recent study showed that after E. coli injection, neonatal mice receiving intravenously preconditioned hUCB-MSCs increased their survival more than non-conditioned cells [59] . A recent model of E. coli-induced chronic bacterial prostatitis was established in rats; here, the treatment with rat BM-MSCs decreased the inflammation reaction [60] . Worth of note, in a mouse LPS-induced sepsis model, despite the different sources of MSCs, similar survival rates and pro-/anti-inflammatory mechanisms were observed [61] . Furthermore, specific MSC sources, e.g., menstrual MSCs (MenSCs), not only relieved ALI symptoms and showed an anti-inflammatory profile but also brought about a tissue reparative effect [62] . To elucidate the deleterious role of LPS in respect to MSCs, once again in vitro studies were useful: LPS did not alter the immunophenotype but modified the lineage commitment and immunomodulatory capacity of periodontal ligament (PDL) stem cells (PDLSCs) [63] . In addition, LPS treatment in PDLSCs [63] and in BM-MSCs [64] stimulated the expression of the anti-inflammatory factor COX2.
Specific strategies to counteract E. coli infection may reside in antimicrobial peptide production by MSCs. LL-37 is the unique bioactive form of human cathelicidin derived by cleavage of propeptide human cationic antimicrobial peptide-18 (hCMP18) [65] . LL-37 production is upregulated in hBM-MSCs exposed to E. coli [66] . Human BMMSCs and their CM reduced E. coli growth and CFU counts during co-incubation; furthermore, they proved antimicrobial in an E. coli-induced pneumonia mouse model where activity was decreased by LL-37 sera [66] . LL-37 was also administered by intratracheal instillation into the lungs and inhibited LPS-induced TNF-α levels by alveolar macrophages [67] . No increase in LL-37 secretion was associated with the preconditioning of MSCs that were delivered intravenously to attenuate E. coli-induced neonatal sepsis in rats, even though plasma levels of the antimicrobial peptide were higher in MSCtreated rats than in saline-treated ones [59] .
Iron is an important source for the growth of E. coli. TLR stimulation after E. coli recognition by immune cells is known to increase the levels of lipocalin-2 antimicrobial peptide and sequestrate iron for bacterial growth [68] . Intratracheal instillation of E. coli in wild-type mice augmented the levels of lipocalin-2 by airway epithelia and reduced the number of bacteria in the lungs compared with lipocalin-deficient mice [69] . Another study had previously shown that lipocalindeficient mice, infected intraperitoneally with E. coli, had a lower survival than the wild type [70] . Again, the neutrophils isolated from the same knockout mice were impaired in bacteriostatic activity [70] . Moreover, mice receiving syngeneic BM-MSC treatment after ALI upregulated lipocalin-2 levels, while anti-lipocalin-2 antibodies reduced the protective antibacterial effect of syngeneic BM-MSCs [52] . Pre-stimulation, for example by LPS, can enhance in vitro MSC lipocalin gene expression and secretion [52] .
Other broadly active natural antimicrobial peptides were linked to the antimicrobial activity of MSCs, namely, the hepcidin and β-defensin families.
Mammalian hosts produce hepcidin, an iron-regulatory hormone that exerts control over the trafficking of iron and causes hypoferremia [71, 72] . IL-6 is the main cytokine inducing hepcidin expression [71] , while several microbederived Toll-like receptor ligands (e.g., PAMP) stimulate hepcidin transcription [73] . Hepcidin plays different roles according to the site of infection caused by extracellular or intracellular bacteria. Hepcidin may have a detrimental effect on infections by intracellular pathogens because of intracellular iron storage in macrophages [73, 74] . Interestingly, treatment of E. coli K88 bacteria with porcine hepcidin (with its limited bactericidal activity) decreased the adherence to epithelial cells by causing bacteria aggregation, thus showing that hepcidin has an iron-independent effect [73] . After peritoneal injection of several E. coli clinical isolates, hepcidin-1 knockout usually potentiated infection. Furthermore, post-infection treatment of knockout mice with a hepcidin agonist prevented sepsis-associated mortality [72] . Consideration of data produced in vitro and structural similarities with the defensin family led to the hypothesis of a direct antimicrobial role by hepcidin in vivo [74] .
β-Defensin 2 secreted via TLR4, in particular, was associated with the main antimicrobial activity of UC-MSCs achieved in vitro after E. coli exposure or in vivo against E. coli-induced ALI [58] . The results obtained from E. coli infection models are summarized in Tables 1 and 4 .
MSCs and S. aureus
The first experimental study on the interaction between MSCs and S. aureus [75] investigated their intrinsic antimicrobial capacity; a few years back, CD-1 mice-derived adipose tissue-derived MSCs (AD-MSCs) were also conjectured to improve antibiotic treatment of staphylococcal wound infections [76] . Indeed, that study revealed that TLR ligand-activated AD-MSCs were able, in vitro, to reduce S. aureus growth [76] . The hypothesis was later confirmed both in mouse and dog models of chronic biofilm infection [77] . A responsive migration by allogeneic hBM-MSCs was surmised as a consequence of local infection of the epithelial cell line [50] , while UCB-MSCs were shown to be able to internalize S. aureus in coculture experiments [78] . The early hypothesis discussing the potential role of MSCs in supporting antibiotic therapy was again considered when it was shown that preconditioning of hBM-MSCs with a specific antibiotic enhanced the internalization capacity earlier described for S. aureus, while reducing necrosis of hBM-MSCs [79] . Of course, the characteristic of the in vivo model supposedly resembling the disease caused by S. aureus might generate contrasting opinion as to the benefit of MSCs as an antibacterial therapy. Bone hydrogel-based implantation of rat BM-MSCs in a rat ostectomy model aggravates the development of osteomyelitis in infected animals [80] rather than contributing to the clearance of the infection. In the same study, non-significant levels of LL-37 were observed after bacterial challenge in the in vitro setting [80] . In different reports, attentive to the wound healing problem, hBM-MSCs were tested for their migratory ability and resistance to apoptosis after biofilmconditioned media exposure; such conditioning was found to result in the reduction of both features [81] . New strategies based on co-administration of MSCs and antimicrobial agents are emerging in wound healing models. In particular, the combination of C57BL/6 mouse-derived AD-MSCs with particular proteins, instead of antibiotics, reduced bacterial load and accelerated the wound healing rate [82] . Despite the important contribution of hBM-MSC and hUCB-MSC secretome in the interaction with E. coli, regarding S. aureus, the activity of Wharton's jelly-derived MSCs (WJ-MSCs) involved in bacterial clearance was recently suggested to be associated with a cell-cell direct MSC-pathogen interaction [79] . However, in an in vivo model of S. aureus infection, LL-37 was d e s c r i b e d a s am e l i o r a t i n g m e t h i c i l l i n -r e s i s t a n t Staphylococcus aureus (MRSA)-induced pneumonia by decreasing the anti-inflammatory response [83] . LL-37 levels, on the other hand, were enhanced in BM supernatants stimulated by biofilm-conditioned media derived from S. aureus culture [81] . LL-37 was shown to inhibit LPS-induced osteoclast formation [84] . Recently, betadefensin overexpression augmented the rat BM-MSC antibacterial effect while promoting the bone healing impaired by S. aureus contamination, in a rat calvarial defect model [85] . Results in models of S. aureus infection are summarized in Table 2 .
MSCs and polymicrobial protection
Models of polymicrobial infection (Table 3) are useful tools for mimicking clinical conditions such as peritonitis and can be obtained from gut injury, e.g., by cecal ligation and puncture (CLP). Observation of MSCs' antibacterial effects was initially based on CLP models. Briefly, after cecum perforation, the model treated with AD-MSCs was monitored for survival. Both mouse and human AD-MSCs were protective in the CLP model [47] . Since mice receiving CLP develop into a polymicrobial sepsis model, Mei et al. analyzed CLPderived ALI [86] . MSC administration not only prevented lung injury but together with antibiotic treatment was able to reduce mortality [86] . Importantly, bacterial clearance, assessed as the number of CFUs from spleen homogenates post-CLP, was augmented in mice with sepsis and then treated with MSCs. Ex vivo phagocytic activity was increased in CD11 + cells isolated from the septic mice, but there was no difference between the mice infected with E. coli and S. aureus [86] . This study described only a moderate phagocytosis capacity on the part of MSCs for both gram-negative and gram-positive bacteria [86] . The opinion in favor of a combined antibiotic-MSC treatment seemed to increase in accordance with data generated both in vitro and in vivo using MenSCs [87] . These MSCs showed a direct antibacterial activity and, synergizing with antibiotics, in vivo greatly improved the survival rate in the CLP mouse model. Moreover, these cells enhanced bacterial clearance in peritoneal fluid and blood and reducing sepsis-mediated organ injury, by decreasing both pro-and anti-inflammatory cytokines without decreasing the T and B cell number. The CM produced by the same cells also demonstrated MenSCs' indirect antibacterial activity which is enhanced by preconditioning with bacteria in co-culture, whereas in the CLP-sepsis model, the CM inhibited bacterial growth, increasing the effect when in combination with antibiotics. MenSCs showed antibacterial activity in vitro against a fecal bacterial mixture [87] .
Unusually, the antibacterial in vitro activity correlated with hepcidin-dependent mechanisms, rather than those of the bestknown antimicrobial peptides. In a mouse model, the toxic shock effect of S. aureus enterotoxin A increased in severity when combined with LPS administration, but interestingly, an intraperitoneal injection of AD-MSCs was able to rescue animals from lethality [88] . A recent work showed how human WJ-MSCs minimize multi-organ injury in a CLP model of sepsis in rats [89] .
In a rat model of CLP-induced sepsis, hBM-MSC and hWJ-MSC administration was able to both increase the percentage of circulating CD4 + CD25
+ T-reg cells, increasing the T-reg/T cell ratio, and decrease pro-inflammatory cytokine expression (IL-6 and TNF-α), as compared with the vehicle [90] . Moreover, in the same model, the decrease in immunosuppressive capacity of T-reg cells observed after sepsis was restored by both hBM-MSC and hWJ-MSC administration. In another sepsis model in mice, induced by E. coli and fecal content in the abdominal cavity, treatment with mAD-MSCs reduced mouse mortality to 40% and prevented splenocyte apoptosis and TNF-α increase, while it increased IL-10, as compared with the untreated septic group which had 100% mortality [91] . When mBM-MSCs are transplanted into the inflammatory microenvironment of CLP mice, the inflammatory cytokines (e.g., TNF-α and IFN-γ) are able to activate caspase 3 and start apoptosis events which are enhanced by blocking reactive oxygen species (ROS) generation and ERK activation [8] . Genetic inhibition of autophagy was effective in reducing the apoptosis rate after MSC transplantation [8] . The crucial role of TLRs in human clinical study was investigated in a model of experimental sepsis, where mouse ADMSCs were unable to modify the mRNA expression of the different TLRs evaluated in various tissues [92] . The results obtained on polymicrobial infection models are summarized in Tables 3 and 4 .
Microvesicles and MSC-derived molecules
Despite the variety of types of MSC discovered in different tissue sources, a common feature is their ability to release active molecules within membrane-surrounded vesicles, MVs. There are several types of MV, differing in size, shape, molecular composition, and content. Usually, they are produced as a result of intracellular vesicle sorting. Recent nomenclature describes MVs as being shed from the plasma membrane and of > 200 nm diameter, while exosomes, originating from the endosome/exosome system, are of 50-200 nm diameter. Exosomes are one of the most studied subtypes of MSCderived MV. MSC-derived exosomes are able to alter the activity of target cells by horizontal transfer [93] . One of the main functions of MVs is to communicate within the tissues, delivering DNA, lipids, and proteins. Their peculiar characteristics make MVs a basic element of data transmission extended to other organisms such as symbiotic or pathogenic communities. The MVs' content provides cells with strong regulatory information, especially in the context of immune system crosstalk. Bacteria produce MVs to regulate stress response and quorum sensing. Bacterial outer membrane vesicles (OMVs) are specific vesicles that are now part of next-generation vaccines [94] . Changes in the exosome pool are associated with many pathogenic backgrounds [95] . The ability to isolate MVs and use them as a therapeutic tool could be an important step forward in MSC-based therapy advancement, allowing use of MSC-derived active molecules and their beneficial properties but avoiding whole cell administration and the risk associated with their engraftment. Like their Bparents,^because of their dual role in physiological homeostasis and pathogenic contribution, MVs may intimidate the scientist when it comes to using them as a natural or artificial carrier of a drug. MVs' potential has been analyzed in several tissue-injury models, such as tetrachloride-induced liver injury [96] ; ischemia/reperfusion-induced myocardial injury [97, 98] ; cisplatin-induced [99] , gentamicin-induced [100] , and ischemia/reperfusion-induced kidney injury [101] ; and hypoxia-induced lung hypertension [102] . The high potential of MVs is supported by results, recently summarized by others [103] , demonstrating that MV administration in preclinical animal models is safe and that MVs hold at least the same effectiveness as MSC administration, contributing to the amelioration of tissue/organ pathology. MVs are acellular material that have still undefined consent by regulatory agencies. MVs have lower antigenicity than synthetic nanosystems [104] , suggesting that using MSC-released molecules, in the form of purified or supernatant surrogates, may revolutionize medical biotechnology in the field of infectious diseases.
Discussion
In this review, we have emphasized how MSC co-delivery/ delivery can be efficient in attenuating diseases caused by bacteria. First of all, choosing the source of MSCs in order to treat a bacterial infection will be decisive for the final outcome. Indeed, in this review, we thoroughly cited the source and strain of MSCs in the experimental results as different sources have been shown to exert different patterns of immunomodulatory/antimicrobial activity. However, few papers have compared the immunomodulatory capacity of MSCs from different tissue sources [105] . Our incomplete understanding of the mechanism of MSC-based immunomodulation [106] cautions us to be careful before approaching transplantation, as the outcome may well be dependent on the disease status or the local microenvironment. BMMSCs are currently the preferred source of MSCs in clinical trials, perhaps because they represent the traditional and bestcharacterized cell type. However, it is important to highlight that alternative sources of MSCs like adipose tissue and cord blood have shown an even stronger immunosuppressive activity than BM-MSCs [105] . Generally, the most common cell sources used for MSC therapy are bone marrow, adipose tissue, and cord blood [107, 108] . It is also important to note that culture conditions are likely to alter the ex vivo immunomodulatory properties of MSCs. The local environment, including pre-exposition to stimuli, may well affect MSCs' immunomodulatory function [109] , which has to be taken into account, especially when dealing with bacteria with a different tissue tropism. The ability to spread to adjacent tissues and at distant sites of antimicrobial peptides (AMPs) and MVs suggests a promising tool to defeat bacterial infections, as we have described in this review. Unfortunately, no comparative study regarding AMP production among the different sources of MSCs has been found in the literature and secretome differences continue to raise a variety of issues. For example, the secretome of UC-MSCs often differs from MSCs from bone marrow and adipose tissue [110] . In addition, further investigation is required for us to comprehend the mechanisms that underlie the migration of MSCs towards specific tissues and the secretion of anti-inflammatory molecules. Knowing that would be a critical step towards a correct choice of the source of MSCs acting against specific infection.
Both preclinical and humans studies focusing on human diseases other than infections support the hypothesis that several kinds of MSCs derived from allogeneic donors could be utilized in clinical therapy [108, 111] . In the context of antimicrobial activity, we did not note any superiority of allogeneic versus autologous MSCs, despite the fact that autologous MSCs may have an impaired potential for self-MSC deficiencies-secondary or intrinsic to the disease itself. Considering this, MSC-donor differences (inter-variability and intra-variability) become the most relevant uncontrolled aspects of both allo-and autologous cell-based approaches in cell therapies [112] .
MSC senescence should be considered in the definition of a treatment, since gene expression and paracrine activity by stem cells are likely to be changed in antibacterial outcomes. The best mediators of MSC secretory activity are MVs. This Bstem product factory^may be the ideal candidate for treating inflammation-related pathologies [95] . They could be engineered and delivered, providing further advantages such as avoiding the senescent and damaged DNA of transplanted cells and comprising small-sized Bhealing^molecules spreading better throughout the body. The results obtained on animal models of sepsis show discrepancies from human clinical trials. However, tissue engineering technologies and 3D cell culture advances have given rise to a new field, called tissue microbiology [113] , where microbiologists and cell biologists join hands in exploring the microbial dynamics, observing the ex vivo or intravital response of the host tissue environment when exposed to a pathogen or its effectors.
Preconditioning may be an important strategy to trigger the MSCs potential for treating bacterial infection. Selecting the molecule to be used is critical because it must be restricted to positive effects alone. For example, treatment with LPS can induce IDO expression in human PDL cells [114] , but this advantage is offset by subsequent modification of the mesodermal differentiation potential [63] . MSCs have been shown to contact host innate immune cells to increase their own antibacterial activity. In this case, preconditioning with TLRs will be an option to investigate. Interestingly, LL-37 increased proliferation, growth factor secretion, and migration in a transwell chamber via formyl peptide receptor-like 1 (FPRL1) from human AD-MSCs [115] . Again, in placentaderived MSCs, LL-37 caused increased migration during a scratch assay as well as a higher immunosuppressive profile with a remarkable expression of TLR3 [116] . Hence, not only MSCs preconditioning with specific antibiotics but also preconditioning of MSCs with specific cytokines [59] or preconditioning with both antimicrobial peptides and antibiotics can all be strategies to boost the MSCs' antibacterial effect. In the context of drug-resistant infections, it may be possible to prime the antimicrobial and immunological properties of MSCs ex vivo to enhance their later therapeutic outcome. Perhaps preconditioning will develop our ideas about using autologous MSCs against infection. Lastly, an ongoing research and a better understanding of AMPs, including their interaction with TLRs [117] , will be useful to exploit the AMP potential in MSC-based therapy as well. Hepcidin is a peptide hormone regulating iron homeostasis as well as being advocated as an antimicrobial peptide [74] . Hepcidin seems to exert both iron-and non-iron-dependent antimicrobial effects on E. coli [72, 73] while MenSC-derived hepcidin has shown an antimicrobial effect in vitro [87] . Even though the hepatocytes are the main source of hepcidin, upregulation has also been seen in immune cells at the site of bacterial infection [74] . The production of hepcidin by MSCs may be a novel strategy for the treatment of infections with extracellular bacteria.
Since sepsis is a frequent cause of death in hospitalized patients, MSC administration has been seen as an alternative therapy to modulate the deregulated immune system of such patients [118] . Intravenous or intraperitoneal administration of MSCs could be a valuable tool to treat sepsis, especially because of the injuries that sepsis causes to many tissues and organs. Conveniently, MSCs are able to migrate to many injured tissues, such as the liver [119] , myocardium [120] , kidney [121] , lung [122] , and brain [111] . Furthermore, regarding the ex vivo modulation occurring in MSCs, genetic or pharmacological inhibition of autophagy might increase MSC survival under sepsis [8] and thus represent a novel immunotherapy approach.
Conclusion
So far, all the data produced have made it possible to start currently ongoing clinical trial studies on MSC treatment for sepsis syndrome, as well as for lung injury [77] [12] . The leap into MSC clinical trials to treat infections seems imminent, but in order to start new human clinical studies, the evaluation of preclinical reports remains an important ongoing task [12] .
